Abstract The distal parts of the renal tubule play a critical role in maintaining homeostasis of extracellular fluids. In this review, we present an in-depth analysis of microarray-based gene expression profiles available for microdissected mouse distal nephron segments, i.e., the distal convoluted tubule (DCT) and the connecting tubule (CNT), and for the cortical portion of the collecting duct (CCD; Zuber et al., Proc Natl Acad Sci USA 106: [16523][16524][16525][16526][16527][16528] 2009). Classification of expressed transcripts in 14 major functional gene categories demonstrated that all principal proteins involved in maintaining the salt and water balance are represented by highly abundant transcripts. However, a significant number of transcripts belonging, for instance, to categories of Gprotein-coupled receptors or serine/threonine kinases exhibit high expression levels but remain unassigned to a specific renal function. We also established a list of genes differentially expressed between the DCT/CNT and the CCD. This list is enriched by genes related to segment-specific transport functions and by transcription factors directing the development of the distal nephron or collecting ducts. Collectively, this in silico analysis provides comprehensive information about relative abundance and tissue specificity of the DCT/ CNT and the CCD expressed transcripts and identifies new candidate genes for renal homeostasis.
Introduction
The final adjustment of urine composition takes place in the distal parts of the renal tubule, i.e., in the distal nephron and in the collecting duct. Over the last decades, research efforts in the field allowed identification of many essential proteins (channels, transporters, receptors, etc.) involved in this process. The majority of these proteins were first discovered by expression cloning, an approach based on the a priori available information about function and tissue expression distribution of the candidate gene. The aquaporin-2 water channel (aqp-2), the V 2 -type of vasopressin receptor (Avpr2), the Ca 2+ -sensing receptor (CaSR), the thiazide-sensitive sodium chloride cotransporter (NCC), the secretory potassium channel (ROMK), the amiloride-sensitive sodium channel (ENaC), and the epithelial calcium channel (Trpv5) are just a few out of many examples of proteins identified by this approach. Moreover, a growing list of functionally important genes has been added from human genetic association studies. The latter includes WNK1 and WNK4 serine/ threonine kinases [1] , the FXYD2 subunit of the Na,KATPase [2] , the KCNJ10 and KCNA1 potassium channels, and the pro-EGF [3] [4] [5] . Significant progress in deciphering regulatory pathways in the distal nephron and/or collecting ducts has been made with the development of methods allowing global view of all expressed transcripts (transcriptome) or proteins (proteome) and their dynamics. For example, the aldosterone or vasopressin signaling pathways were extensively characterized by the serial analysis of gene expression and microarray hybridization [6, 7] . Various proteome tools were used for identification of vasopressindependent phosphorylation sites within aqp-2 or for detection of lithium-induced changes in the proteome of the inner medullary collecting ducts (IMCD) [8, 9] .
In order to identify new genes involved in renal homeostatic mechanisms, we used an in silico approach based on the analysis of transcript abundance in several major functional gene categories most relevant to secretion/reabsorption processes in the distal nephron and/or the collecting duct. This analysis was performed on a recently obtained microarraybased dataset of gene expression profiles of the mouse distal convoluted tubule (DCT), the connecting tubule (CNT), and the cortical collecting duct (CCD) [10] . The principal characteristics of this dataset are the following: (1) the DCT/CNT and the CCD samples were obtained by microdissection; the DCT and CNT were microdissected together because of the gradual transition between these two segments in mice; (2) samples were prepared from animals sacrificed for microdissection every 4 h throughout a 12 h/12 h lightdark cycle (a total of six time points); this protocol allows detection of all expressed transcripts independently of diurnal variations in their expression levels; (3) a total of 30 animals were used for microdissection of DCT/CNT and CCD samples (five animals per time point); (4) 12 microarray hybridizations were performed for both DCT/CNT and CCD (two hybridizations per time point). The quality of microdissection was validated by the analysis of expression levels of several nephron segment-enriched transcripts (see [10] and below). Altogether, this dataset represents a complete and reliable source of information on the genes expressed in the distal nephron and the CCD (see below).
Functional classification and analysis of transcript abundance allowed us to identify a new set of highly abundant transcripts encoding proteins potentially relevant to the homeostasis of water and/or electrolytes. Finally, comparison of the DCT/CNT and the CCD transcriptomes revealed a number of previously uncharacterized transcripts exhibiting significantly different expression levels between these parts of the renal tubule. These data could be further used for the functional characterization of the identified candidates.
Functional classification of DCT/CNT and CCD transcripts
Functional classification of DCT/CNT and CCD transcripts was performed using the PANTHER Classification System, a database allowing subdivision of proteins and mRNA transcripts into functionally related categories (www.pantherdb. org). A similar approach was previously used by Uawithya et al. for the transcriptional profiling of rat IMCD [11] . The classification data are presented in tables in which only the 20 most abundant transcripts per category are listed for space purposes. If more than 20 transcripts per category fitted the cutoff criteria (see below), a full list of transcripts can be viewed in associated supplementary tables. The transcripts are ranked by their abundance calculated as log2 normalized microarray hybridization signal intensity (A values) [12] . Hence, a difference in one unit of A values corresponds to the twofold difference in the transcript expression levels. The median microarray signal intensity (5.8 units of A value, for both the DCT/CNT and the CCD transcriptomes) was chosen as an arbitrary cutoff value above which expression of a transcript was assigned as significant. The data are discussed in terms of expression levels or transcripts abundance. However, we have to emphasize that microarray signal intensities and sequencing-based quantification of mRNA abundance have been shown to exhibit a correlation coefficient of~0.7 [13] . To assess this correlation in the DCT/CNT and the CCD datasets, we performed qPCR analysis of transcripts abundance in one of the selected gene categories, namely G-protein-coupled receptors (GPCR). As shown in Fig. 1a , b, both DCT/CNT and CCD datasets exhibit a good correlation between microarray signal intensities and Ct values of qPCR amplification (correlation coefficients of 0.769 and 0.823, respectively). These data also demonstrate that transcripts with A values below the median cutoff level exhibit significantly lower correlation between microarray and qPCR data.
G-protein-coupled receptors
Most GPCRs that have been previously identified in the DCT/ CNT and/or the CCD are abundantly represented in the respective transcriptomes (Table 1 and Supplemental Table 1 ). These include vasopressin receptors type 1a (Avpr1a) and type 2 (Avpr2), prostaglandin E receptors type 3 (Ptger3), type 1 (Ptger1), and type 4, prostaglandin F receptor (Ptgfr), glucagon receptor (Gcgr), proteinase-activated receptor 2 (F2rl1), CaSR, endothelin receptor type B (Ednrb), parathyroid hormone receptor 1 (Pth1r), adenosine A1 receptor, and adrenergic receptors type beta 1, beta 2, and alpha 2a. This analysis also revealed the presence of a number of highly abundant GPCRs with yet unassigned function in the kidney. For instance, both DCT/CNT and CCD exhibit high expression levels of several chemokine GPCRs, including Ccrl1, Cxcr4, and Gpr146. The Cxcr4 receptor has been shown to bind SDF-1, a chemokine involved in a multitude of functions, including epithelial patterning and renal morphogenesis [14] . However, the role of chemokine GPCRs in the adult kidney remains unknown. The DCT/ CNT and the CCD transcriptomes are enriched by orphan receptors belonging to a subclass of adhesion GPCRs (Celsr2, Gpr116, Gpr56, and Celsr1). Adhesion GPCRs constitute a novel subclass of GPCRs characterized by the presence in their N termini of cadherin-like cell adhesion modules. These receptors are critical for the normal development of the central nervous system and for the immune response. Several adhesion GPCRs are involved in human diseases. For example, deletion of the Gpr56 gene in human causes the autosomal recessive bilateral frontoparietal polymicrogyria, a disease characterized by severe neurological dysfunction [15] . However, a renal phenotype in these patients, if any, has not yet been communicated. DCT/CNT and the CCD transcriptomes revealed high expression levels of Gprc5C and Gprc5B, two receptors related to the family C of GPCRs, which also includes the metabotropic glutamate receptors, the GABA(B) receptors, several pheromone receptors, and the calcium-sensing receptor [16] . However, in contrast to other members of the family, both Gprc5C and Gprc5B still remain orphans. Our analysis also revealed a high expression of three receptors belonging to the class A of the rhodopsin-like GPCRs, namely the oxoglutarate receptor 1 (Oxgr1), the estrogen receptor (Gper or Gpr30), and the apelin receptor. Several pieces of evidence indicate that these receptors may have an important role in the regulation of tubular solute transport. Oxgr1 (also known as Gpr80 or Gpr99) is a specific receptor to α-ketoglutarate, a citric acid cycle intermediate [17] . Interestingly, urinary concentration of α-ketoglutarate varies significantly upon perturbation of systemic acid-base balance, being significantly increased in alkalosis and significantly decreased in acidosis [18] . This suggests a possible role for Oxgr1 in sensing acidbase disequilibrium. Gper is a recently identified plasma membrane estrogen receptor which mediates nongenomic effect of estrogen. As it was recently hypothesized, Gper may be involved in the rapid magnesiotropic effects of estrogen in the distal nephron [19] . Apelin is a recently discovered peptide which mediates a multitude of biological functions including vasoconstriction, cardiac myogenesis, glucose metabolism, and vasopressin synthesis/release in the brain. Knockout of apelin receptor in mice leads to abnormal fluid homeostasis, resulting in disturbance of both kidney urinary concentration capacity and drinking behavior [20] . The role of this receptor in the renal tubules has not yet been elucidated.
Heterotrimeric G proteins
GPCRs transduce signals from extracellular stimuli by activating heterotrimeric G proteins. These latter can be grouped into four subfamilies Gαs, Gαi, Gαq/11, and Gα12/13, according to the structural and functional properties of their α subunits. Gαs and Gαi regulate intracellular cAMP levels by activating (Gαs) or inhibiting (Gαi1, Gαi2, and Gαi3) adenylyl cyclase; Gαq and Gα11 increase intracellular Ca 2+ level via activation of phospholipase C (PLC); and Gα12 and Gα13 couple GPCRs to the small GTPases of the Rho family. As shown in Table 2 , all α subunits, with the exception of Gα12, are well represented in both transcriptomes, thereby providing molecular basis for a variety of intracellular signaling pathways activated by GPCRs in these parts of the renal tubule.
Nucleotide cyclases
Chabardès et al. have shown that cortical and outer medullary collecting ducts exhibit high expression levels of Ca 2+ -inhibitable adenylyl cyclases 6 (Adcy6) and 5 (Adcy5) [21] . Our data support these findings and extend the Adcy6 and Adcy5 distribution to the DCT/CNT (Table 3) . Both the DCT/CNT and the CCD also show a high expression of Adcy9, a cyclase which can be either potentiated or inhibited by the intracellular Ca 2+ [22] . Collectively, these cyclases represent a point of crosstalk between the cAMP-and Ca 2+ -dependent signaling pathways. Similar to what was found in the IMCD, both the DCT/CNT and the CCD exhibit low expression of guanylate cyclases (only Gucy1a3 fit the cutoff criteria), and none of the nitric acid synthase isoforms were detected (data not shown) [11] .
Cyclic nucleotide phosphodiesterases
Cyclic nucleotide phosphodiesterases (Pde) participate in attenuation of GPCR signaling by degrading cellular cAMP and/or cGMP. As shown in Table 4 , both the DCT/CNT and the CCD exhibit high expression levels of several cAMPspecific phosphodiesterases, including Ca 2+ -activated Pde1a and cGMP-inhibited Pde3b. A significant expression of 3-isobutyl-1-methylxanthine (IBMX)-insensitive Pde8a and Pde8b provides a molecular basis for the IBMXinsensitive fraction of phosphodiesterase activity. The rolipram-sensitive cAMP-specific Pde4b and Pde4a have been proposed as important regulators of Avpr2-induced signaling cascade [23] . However, in the DCT/CNT and the CCD transcriptomes presented here, they are expressed only at moderate levels.
Protein kinases
More than 350 protein kinases have been found in the transcriptomes of the DCT/CNT and the CCD (Table 5 and  Supplemental Table 2 ). Most of them (~300, Table 5 and  Supplemental Table 2 ) belong to the class of serine/ threonine protein kinases. Importantly, kinases that have been previously reported to strongly influence the secretion/ reabsorption processes in DCT/CNT and/or the CCD are abundantly represented. WNK1, WNK4, SPAK (STK39), and Sgk1 have been involved in maintaining salt balance and are present within the 20 most abundant serine/ threonine kinases. Both the DCT/CNT and the CCD also exhibit moderate to high expression levels of protein kinase A (Prkaa2, Prkacb, Prkaca, and Prkaa1), protein kinase C (Prkcd, Prkci, Prkch, Prkca, and Prkcz), casein kinases (Csnk1d, Csnk1a1, Csnk2a1, Csnk1g2, and Csnk2a2), Gsk3β, and G-protein-coupled receptor kinases 6, 5, and 4. Interestingly, several in vitro studies have demonstrated that the activity of the NCC is regulated by WNK3 [24] , a kinase which is expressed at background levels in our data (A values of 3.8 and 2.8 in DCT/CNT and CCD, respectively). Accordingly, WNK3 is also absent in microarray-based rat IMCD transcriptome [11] . Collectively, these results indicate that WNK3 distribution in the kidney requires a detailed re-evaluation. By contrast, both the DCT/CNT and the CCD exhibit strong expression of various serine/threonine kinases with yet unattributed function in the kidney. These include Pctk1, Pim3, Pak4, Aak1, Taok3, Rock1, and several MAP kinases. In the kidney, tyrosine kinases (Table 5 ) and receptor tyrosine kinases (Table 5 ) have been mostly involved in tubulogenesis, in cell differentiation, and in maintaining cell polarity. However, the fibroblast growth factor receptor 1 (Fgfr1), which is specifically expressed in the distal nephron and the collecting duct, has been recently shown as the predominant receptor for the hypophosphatemic action of fibroblast growth factor 23 [25] .
Protein phosphatases
Protein phosphatases participate in intracellular signaling by reversing protein-kinase-dependent events. All protein phosphatases can be grouped into three subfamilies: serine/threonine phosphatases, phosphotyrosine-specific protein tyrosine phosphatases, and dual specificity (serine/threonine/tyrosine) phosphatases. As shown in Table 6 and Supplemental Table 3 , both DCT/CNT and CCD express a variety of highly abundant phosphatases representing all three subfamilies. However, despite high expression levels and, presumably, significant functional role, only a limited number of phosphatases have been characterized in the kidney. Several studies have shown that calcineurin (Ppp3ca), a serine/threonine phosphatase with broad substrate specificity, is involved in the regulation of transport proteins, including the Na,KATPase, aqp-2, ROMK, and acid-base transporters [26] [27] [28] [29] . The ROMK has been also shown as a substrate of tyrosine phosphatases [30] . Dual specificity phosphatases are thought to participate in renal function mainly by dephosphorylating kinases involved in the stress response (e.g., MAP kinases). [33] . It has been proposed that these AKAPs are required for compartmentalization of cAMP signaling in the principal cell. As shown in Table 7 , we found both AKAP7 and AKAP11 in the DCT/ CNT and CCD transcriptomes. However, the role of the more abundant AKAPs 2, 9, and 8 has not yet been assessed.
A-kinase-anchoring proteins

Phospholipases
Phospholipases play important roles in transmembrane signaling processes activated by GPCRs and receptor tyrosine kinases. Receptor-mediated activation of phospholipases results in hydrolysis of membrane phospholipids and generation of phospholipid-derived second messengers. PLC is a family of enzymes which catalyzes the hydrolysis of phosphatidylinositol 4,5-biphosphate to produce diacylglycerol (DAG) and inositol 1,4,5-trisphosphate. In the DCT/CNT and/or the CCD, several targets of PLC/DAG/PKC cascade have been identified, including TRPV5 calcium channel, aqp-2, ROMK, and ENaC [34] [35] [36] [37] . We found that the most abundant phospholipase in the DCT/CNT and the CCD is Plcg1, a PLC activated by a variety of growth factors including platelet-derived growth factor, hepatocyte growth factor, and fibroblast growth factor (Table 8) . Recently, Irarrazabal et al. have shown that Plcg1 contributes to the osmoprotective effect of TonEBP/OREBP transcriptional factor in the kidney [38] . Analysis of both transcriptomes also revealed expression of Ca 2+ -sensitive PLC isoforms Plcd3 and Plcd1 but only a low amount of Gq-activated Plcb1. Phospholipase A2 (PLA2) catalyzes the hydrolysis of phospholipids to generate free fatty acids and lysophospholipids. One of the principal products of PLA2 activity is the arachidonic acid, a precursor in the biosynthesis of prostaglandins and other eicosanoids. Prostaglandins are known to regulate water and solutes transport in an autocrine or paracrine manner by activating apical or basolateral GPCRs. According to our data, the principal PLA2 isoforms expressed in the DCT/CNT and the CCD are Pla2g4a, Pla2g15, and Pla2g6 (Table 8) . Phospholipase D (PLD) isoforms which are also abundantly represented in both transcriptomes have been recently shown to be important regulators of endocytosis and endosomal recycling pathways [39] . 
Small GTP-binding proteins
Small GTP-binding proteins are low molecular weight GTPases (20-25 kDa) that control a variety of cellular processes including vesicle transport, cytoskeleton dynamics, cell division, and immune response. All small GTPases can be divided in five subfamilies, namely the Rab subfamily, the ADP-ribosylating factor (Arf) subfamily, the Rho/Rac/Cdc42 subfamily, the Ras/Ral/Rap subfamily, and the Ran GTPase. More than 50 members of the Rab subfamily were found to be expressed at significant levels ( Table 9 and Supplemental Table 4 ). The members of this family are implicated in the transport, docking, and fusion of endocytotic vesicles. Van de Graaf et al. have shown that Rab11a is required for the intracellular trafficking of TRPV5 and TRPV6 calcium channels to the cell surface [40] . Curtis and Gluck have demonstrated that Rab11 and Rab20 are mainly expressed in V-ATPase expressing intercalated cells of the collecting duct, whereas principal cells of the collecting duct and of the distal nephron are enriched in Rab18 and Rab5a [41] . Several evidences indicate that Rab(s) could be involved in trafficking of CFTR, ENaC, and aqp-2 [42] . However, functional role of many highly abundant Rab(s) in DCT/CNT and CCD remains unknown. Arfs are participating in the formation of coated transport vesicles. El-Annan et al. have shown abundant expression of Arf1 and Arf6 in the distal nephron and the collecting duct and have demonstrated that Arf1 is mostly localized to the apical membrane whereas Arf6 appeared to be mainly expressed at the basolateral membrane [43] . Arf6 was further demonstrated as a factor promoting Avpr2 recycling [44] . Our data confirm high expression levels of Arf1 and Arf6 and reveal abundant expression of several Arfs (Arf3, Arl1, Arl3, etc., see Table 9 ) with yet unassigned function in the renal tubule.
As shown in Table 9 , both the DCT/CNT and the CCD also exhibit high expression levels of several Rho GTPases, including Cdc42, RhoA, and Rac1. The main function of Rho GTPases consists in the control of cytoskeleton dynamics and assembly. Thus, it was logically proposed that Rho(s) could be involved in trafficking of aqp-2, a process which requires remodeling of microtubules and filaments. However, evidence that support this hypothesis remains limited to a few in vitro studies [45, 46] . Members of Ras subfamily share the highest degree of homology with Ras, one of the most frequently mutated oncogenes in cancer. Ras, Ral, and Rap have been shown to play an important role in cellular proliferation and differentiation by influencing a number of intracellular signaling pathways. Ras GTPases have been also shown to influence activity or expression of several important DCT/CNT and/or CCD transporters, including NCC (H-ras), H,K-ATPase (Rap1), ENaC (K-ras), and aqp-2 (Rap1) [47] [48] [49] [50] . As shown in Table 9 , H-ras, K-ras, and Rap1 are present within the ten most abundant members of the Ras subfamily. However, the role of several other highly abundant Ras GTPases, including the most abundant Rragd, remains unknown.
SNAREs and SNARE-related proteins
SNARE proteins participate in the trafficking of renal transporters by mediating fusion of intracellular vesicles to the target membranes. Molecular composition of SNARE complexes has been extensively studied for aquaporins involved in renal urine concentration mechanism. Mistry et al. have shown that aqp-2 sorting to the apical membrane requires snapin (SNAPAP), SNAP23, and syntaxin-3, whereas syntaxin-4 is preferentially involved in cell surface expression of aqp-3 [51] . SNAP23/syntaxin-1a complex has been also proposed to regulate cell surface expression of ENaC. However, in our data, expression levels of syntaxin-1a are low (A values of 4.7 and 5.0 in the DCT/ CNT and the CCD, respectively). Accordingly, only a low signal intensity for syntaxin-1a was detected in the IMCD hybridization data [11] . As shown in Table 10 and Supplemental transporting proteins including ROMK, Na,K-ATPase, ENaC, aqp-2, and Trpv5 [54] [55] [56] [57] [58] . As shown in Table 11 , both the DCT/CNT and the CCD exhibit high expression levels of clathrin light and heavy chains (Clta, Cltb, and Cltc, respectively) as well as several clathrin adaptor subunits (Ap1s3, Ap2s1, and Ap3s1). Similar to the IMCD [11] , our data show a high abundance of Picalm, a clathrin adaptor which was recently shown to direct VAMP2 trafficking during endocytosis [59] . Dynamins are high molecular weight GTPases (~100 kDa) that mediate the fission of clathrin-coated vesicles from the membrane. As shown in Table 11 , both transcriptomes reveal a high expression of dynamin 2 (Dnm2) and dynamin 1-like (Dnm1l) and low expression of dynamins 1 and 3 (Dnm1 and Dnm3, respectively). Interestingly, this distribution of dynamins differs significantly from that of IMCD in which only dynamin-like GTPases Mx1 and Mx2 demonstrated high signal intensities [11] . In the DCT/CNT and the CCD transcriptomes, both Mx1 and Mx2 exhibit low expression levels (Mx1: A values of 4.3 and 3.8 in DCT/CNT and CCD, respectively; Mx2: A values of 3.5 and 3.0 in DCT/ CNT and CCD, respectively).
Cytoskeletal proteins and cytoskeletal regulators
Cytoskeletal proteins mediate a wide variety of essential renal functions. During fetal kidney development, the assembly and contraction of microtubules and microfilaments have been proposed as part of a mechanism that drives branching morphogenesis of the ureteric bud [60] . In the adult kidney, cytoskeleton remodeling has been shown to influence cell surface expression and/or activity of a number of proteins involved in maintaining balance of water and electrolytes, including ENaC, aqp-2, Na,KATPase, secretory K channels, and chloride channels [61] [62] [63] [64] [65] . A significant number of cytoskeletal proteins have been recently identified by a proteomic approach in the aqp-2-containing vesicles in the IMCD [52] . As shown in Table 12 and Supplemental Table 6 ,~300 different transcripts encoding cytoskeletal and cytoskeletal-related proteins are present in our data. The overall distribution and abundance of cytoskeletal transcripts in the DCT/CNT and the CCD are largely similar to that identified in the IMCD. However, for several major transcripts, a significant difference was observed. For instance, moesin, an actinbinding protein which has been shown to modulate activity of aqp-2, Na,K-ATPase, and CFTR in different models of epithelial cells, was undetectable in IMCD transcriptome [11, [66] [67] [68] . In our study, moesin is abundantly present in both the DCT/CNT and the CCD (see subcategory actin and actin-binding proteins, Table 12 ). Also, our data reveal high expression of myosin VI (Myo6), a myosin which has been shown as a prerequisite for the clathrin-dependent endocytosis of CFTR in the intestine [69] (see subcategory myosin and myosin-like proteins, Table 12 ). The role of Myo6 in the kidney has not yet been investigated. In subcategory microtubule and microtubule-related proteins (Table 12) , we found strong expression of tubulins 1b and 1a (Tuba1b and Tuba1a), two tubulins that were not detected in the IMCD. Again, despite a high abundance of (Table 12) , we detected several keratins not present in the IMCD transcriptome (Krt10, Krt80, Krt23, and Krt34).
Transporters and channels
As shown in Table 13 and Supplemental Table 7 , more than 250 transcripts encoding water/solute-transporting proteins are expressed at significant levels in the DCT/CNT and/or the CCD, confirming the variety of solutes transported across the epithelium of these segments. In subcategory water channels (Table 13) , aquaporins are abundantly represented by plasma membrane expressed aquaporins 2, 3, and 4, as well as by the intracellular aquaporins 6 and 11. As expected, expression of aquaporins 2 and 4 is significantly lower in the DCT/CNT than in the CCD, whereas aquaporin-3 is equally represented in both transcriptomes. Surprisingly, our analysis also revealed a low, but significant, expression of aquaporin 1, a channel which is present, according to immunohistochemical analyses, only in the proximal tubule and descending thin limb. Interestingly, the aquaporin 1 RNA has also been detected in human DCT, at levels of~10% of those in the proximal tubule [70] . However, in both human and mouse transcriptomes, the expression levels of aquaporin 1 RNA in the distal nephron are significantly lower than those of other water channels. For instance, in mouse DCT/CNT, the difference between the aquaporin 3 and aquaporin 1 RNA expression is~130-fold (13.11 units of A value vs. 6.09 units of A value, respectively, Table 13 ).
In subcategory ion channels and transporters excluding solute carrier protein (SLC ; Table 13 ), all principal genes involved in maintaining ion balance are represented (e.g., Na,K-ATPase, αβγENaC (Scnn1), ROMK (Kcnj1), Kir5.1 (Kcnj16), Kir 4.1 (Kcnj10), Clcnkb, Clc3, Trpv5, PMCA2 (ATP2b2), Trpm6, and various H + -ATPases). Analysis of the transcripts belonging to this subcategory also revealed a number of highly abundant transcripts with yet unassigned function in the kidney. For instance, both the DCT/CNT and the CCD exhibit high expression levels of Tmem16f, a functionally uncharacterized paralog of a recently identified calcium-activated chloride channel Tmem16a [71] . Also, both transcriptomes reveal abundant expression of several voltage-gated ion channels, including Kcnq1, Kcne1, Kcnj10, Cacna1d, Cacnab4, Kcnh3, and Cacna2d1. Importantly, mutations in two voltage-gated potassium channels (Kcnj10 and Kcna1) have been recently shown to cause electrolyte imbalance in human [3, 4] . To what extent other voltage-gated channels identified in our study can participate in the physiology/pathophysiology of distal nephron and/or collecting duct remains to be established. In subcategory SLC (Table 13) , the most abundant transcript is pendrin (Slc26a4), a chloride/bicarbonate exchanger located at the apical membrane of the CNT and CCD cells. Also highly abundant is Slc2a9, a recently identified urate transporter [72] . Interestingly, analysis of the SLC(s) expressed in the DCT/CNT and/or the CCD revealed the presence of several transcripts whose expression was previously considered as restricted to the proximal tubule or to Henle's loop. For example, a high expression of the glucose transporter Glut1 (Slc2a1) and the sodium glucose cotransporter Sglt2 (Slc2a5) and a moderate expression of the sodium potassium chloride cotransporter NKCC2 (Slc12a1) and the sodium phosphate cotransporter NaPi-IIa (Slc34a2) were detected in distal nephron. Glut1 and NKCC2 transcripts were also detected in the IMCD transcriptome [11] . Expression of NaPi-IIa, NKCC2, and Sglt2 in the DCT has been validated by RT-PCR analysis (D. Firsov, unpublished observations). The correlation between transcript and protein expression of these genes remains unknown. However, this information might be important for selection of tissue-specific promoters in transgenic experiments.
Transcription factors
More than 1,000 transcription factors are expressed in DCT/CNT and/or CCD above median levels (Table 14 and  Supplemental Table 8 ). Only a small fraction of them has been assigned to a specific renal function. For instance, Homeobox-containing transcriptional factors (Hox) are largely involved in morphogenesis of different parts of the [10] .
Comparison of DCT/CNT and CCD transcriptomes
To identify genes differentially expressed between the DCT/CNT and the CCD, we performed a comparative analysis of the normalized DCT/CNT and CCD transcriptomes. A threefold difference in expression levels and a false discovery rate of 5% were used as cutoff criteria. Overall, 122 DCT/CNT transcripts (corresponding to 82 distinct genes) and 118 CCD transcripts (corresponding to 91 distinct genes) met this criterion.
Transcripts enriched in DCT/CNT
Analysis of differentially expressed transcripts revealed two major groups of genes enriched in DCT/CNT: (1) genes of the Homeobox (Hox) family of transcriptional factors that play an essential role during embryonic kidney development [73] and (2) genes involved in the secretion/ reabsorption of different solutes along the nephron (Table 15 ). The Hox genes have been shown to determine the segment identity of the renal tubule, being principal genes of formation and patterning of the ureteric bud and the metanephric mesenchyme. However, their role in the adult kidney is less clear. Our data demonstrate that Hox genes which are specifically involved in the nephron formation during the embryogenesis (Hoxa9, Hoxd10, Hoxd11, Hoxa10, Hoxa3, and Hoxc9) remain enriched in the DCT/CNT of the adult kidney [74] . In contrast, analysis of the CCD-enriched transcripts (Table 16) shows that Hox genes specifically involved in the development of the ureteric bud are either not expressed in the CCD of the adult kidney (Hoxd1) or show comparable expression levels in the DCT/CNT and CCD (Hoxb7, Hoxd8) [74] . At least 15 out of 83 DCT/CNT-enriched genes have been shown to participate in renal solute homeostasis. For instance, the thiazide-sensitive sodium chloride cotransporter (NCC or Slc12a3) and the WNK1 (with-no-lysine (K)) serine/threonine kinase are critically involved in sodium/chloride reabsorption and potassium secretion in the distal nephron segments [75] . The Glut9 (Slc2a9) transporter has been recently shown as a principal transporter involved in the renal handling of urate in both human and mice [76] . A significant number of the DCT/CNTenriched genes are involved in the transepithelial reabsorption of calcium and magnesium. These latter include the genes coding for the sodium-calcium exchanger (Slc8a1), parvalbumin (Pvalb), the tissue kallikrein (Klk1), the Pth1r, klotho (Kl), the Vdr, the calcium-binding proteins calbindin-28 K (Calb1) and S100 (S100g), the epidermal growth factor (Egf), the FXYD domain-containing ion transport regulator 2 (Fxyd2), and the transient receptor potential cation channels Trpv5 and Trpm6 [77] . A secreted species of klotho has been shown to mediate the paracrine regulation of phosphate reabsorption in the proximal tubule [78] .
This analysis also revealed several DCT/CNT-enriched transcripts potentially involved in renal solutes handling. For example, the secreted frizzled-related protein 1 (Sfrp1) belongs to a small family of secreted proteins acting as antagonist of the Wnt signaling pathway. Importantly, one of the Sfrp, namely Sfrp4, is one of the most potent tumorderived antagonists of phosphate reabsorption in the proximal tubule. As Sfrp1 strongly expressed in the kidney in normal physiological state, we believe that this gene might be an interesting candidate for maintaining phosphate balance by the kidney. Another interesting transcript is the cytochrome P450 2j11 (Cyp2j11) which shares a high degree of homology (80%) with the human Cyp2j2 protein.
Several studies have provided evidence for an association of Cyp2j2 polymorphisms with a susceptibility to essential hypertension in man [79] [80] [81] . The Cyp2j2 has been proposed to regulate renal fluid electrolyte transport by catalyzing production of cis-epoxyeicosatrienoic acids (EETs) from the arachidonic acid. In vitro, the EETs have been shown to inhibit the activity of ENaC [82] . However, other renal targets of EETs as well as the in vivo role of Cyp2j2/Cyp2j11 in the kidney remain unknown. Two other remarkable DCT/CNT-enriched genes are the small GTPase Rab27a which is involved in the intracellular vesicle docking and membrane trafficking and the Uscher syndrome 1C homolog (Ush1C), a ciliary protein which contributes to establishing the sensitivity to displacement of mechanotransduction channels in the hair cells [83, 84] . The functional relevance of these two proteins in the kidney remains unclear.
Transcripts enriched in CCD
The CCD transcriptome is also enriched in transcripts involved in different stages of tubulogenesis (Table 16 ). These include an agonist of the frizzled receptors (Wnt9b), the enzymes of retinoic acid synthetic pathway (Aldh1a1 and Aldh1a7), the metallopeptidase inhibitor 2 (Timp2), the insulin-like growth factor 1 (Igf1), a ligand of the epidermal growth factor receptor (betacellulin), the arginase 2 (Arg2), and the axon guidance receptor homolog 1 (Robo1). Several enriched transcripts encode proteins participating in tubular water/solute transport (aqp-4, aqp-2, Fxyd4, Fxyd3, Slc26a7, and Ptger1). Interestingly, CCD cells exhibit significant expression of Gpr126, an orphan GPCR controlling the Gs/cAMP signaling pathway in Schwann cells [85] . In the kidney, neither function nor cellular localization of Gpr126 had been determined thus far. However, this receptor is expressed at high levels in mCCD cells, a model of principal cells of the collecting duct (Heidi Fodstad, unpublished microarray hybridization data, personal communication). This finding, if confirmed in human principal cells, raises an interesting possibility of using Gpr126 for bypassing malfunctioning V2R signaling pathway in X-linked nephrogenic diabetes insipidus. Both the DCT/CNT and the CCD transcriptomes are enriched by enzymes involved in sulfation of glycoproteins (Sulf2 and Chst11 in DCT/CNT and Chst9 and Hs3st3b1 in CCD). Sulfation is a posttranslational modification known to contribute to the functional heterogeneity of glycoproteins by modifying their binding capacities to glycans, glycolipids, or to other glycoproteins. In the kidney, sulfation has been shown to affect many important biological processes including immune response, cell-cell adhesion, and hormonal signaling. Yet the specific targets of the abovementioned enzymes along the nephron and in the collecting duct remain unknown. Overall, this in-depth analysis of the mouse transcriptomes of the DCT/CNT and CCD opens new avenues in the comprehensive interpretation of molecular mechanisms underlying renal homeostasis. More studies are needed that will decipher the exact roles and interactions of the genes expressed in the distal part of the nephron and in the CCD.
